Effective deoxygenation in catalytic fast pyrolysis (CFP) is crucial for bio-oil stabilization and its successful commercialization. Herein, we utilize a new analytical platform that couples gas chromatography (GC) to dopant-assisted atmospheric pressure chemical ionization (dAPCI) time-of-flight mass spectrometry (TOF MS) to evaluate catalytic deoxygenation of cellulose pyrolysis. Soft ionization and accurate mass measurement through dAPCI-TOF MS allows direct chemical composition analysis of GC-separated molecules, regardless of their presence in the database. The analytical approach was successfully demonstrated for its ability to evaluate catalytic efficiency of different catalysts and to monitor the change in CFP reaction products with catalyst-to-biomass load ratio. A total of 142 compounds could be analyzed with this approach compared to 38 compounds in traditional Py-GC-EI-MS analysis.
Introduction
Fast pyrolysis of biomass has shown promise toward producing biofuel for transportation needs [1] . The feedstock is rapidly heated in the absence of oxygen to convert lignocellulosic biomass to a high yielding liquid product called bio-oil. Bio-oil is chemically distinct from crude oils due to its high oxygen content. Because of its incompatibility with the existing infrastructure, upgrading is necessary prior to processing with conventional petroleum oil refinery [2, 3] . Particularly important is an efficient deoxygenation or hydrodeoxygenation process with minimal carbon loss. It is shown that complete deoxygenation can be achieved through catalytic upgrading; however, bio-crude yield is often reduced as more oxygen is removed. This is because the deoxygenation is typically accomplished by CO or CO 2 removal through decarbonylation or decarboxylation [2, 4] . Coke formation within the catalysts pore is another source of significant carbon loss [2, 5] . Therefore, catalytic upgrading should be developed to maximize carbon yield and minimize oxygen content.
Catalytic fast pyrolysis (CFP), either in situ within the pyrolysis reactor or ex situ immediately after pyrolysis, upgrades bio-oil vapor before quenching as liquid products and minimizes secondary reactions or bio-oil aging compared to the liquid product upgrading [6] . Ex situ CFP has several advantages over in situ CFP. It can independently control catalytic reaction conditions and generally has less coke formation. Furthermore, in situ CFP is not currently applicable to a commercial scale reactor due to the need of frequent exchange and/or regeneration of catalysts. However, because of its simplicity and minimal modification to existing reactors, in situ CFP is commonly used for lab scale demonstrations and studying catalytic reactions. The production of fully deoxygenated aromatic compounds, e.g. benzene, toluene, and xylenes (BTX), was demonstrated via in situ CFP [7] . CFP conversion of biomass has been extensively studied with zeolite catalysts [8] [9] [10] [11] [12] . For example, Foster et al. studied optimum silica-to-alumina ratio for ZSM-5 catalyst to maximize aromatic yield and minimize char formation [12] .
Characterization of CFP products is crucial to understand the catalytic reactions and develop efficient deoxygenation processes. Gas chromatography-mass spectrometry (GC-MS) is most commonly used to characterize CFP products because of its high-resolution separation capability and large mass spectral database. Micropyrolyzer is often attached to GC-MS and a small quantity of biomass material is loaded after premixing with catalysts for in situ CFP product analysis [13] . Electron ionization (EI) is typically employed to ionize molecules for MS analysis. EI is non-selective and highly energetic, and produces significant fragmentations that can be used to search the database for identification. However, it is not as useful for those compounds that are absent in the database or have no molecular ion peak due to significant fragmentation, which is often the case for many bio-oil compounds.
Various soft ionization techniques have been developed to minimize fragmentations, such as chemical ionization (CI), field ionization (FI), vacuum UV photoionization (VUV PI) with or without infrared laser desorption (IR LD), and laser-ablation resonance-enhanced multiphoton ionization (LA-REMPI) [14] [15] [16] [17] [18] [19] . Atmospheric pressure chemical ionization (APCI), originally developed for GC-MS several decades ago, has been recently re-introduced after successful commercialization for LC-MS instrumentation [20] [21] [22] [23] . It has an additional advantage of utilizing high-resolution mass spectrometers developed for LC-MS in GC-MS applications [24] .
However, APCI still produces significant fragmentations for volatile small molecules, which limits its application for bio-oil analysis with GC-APCI-MS. Dopant-assisted APCI (dAPCI) has been developed and utilized for LC-MS to reduce fragmentations and increase ionization efficiency [25, 26] , but has not been demonstrated for GC-MS.
Here, we developed dAPCI for GC-MS with ammonia as a dopant gas and applied to in situ CFP product analysis. In particular, a high-resolution time-of-flight mass spectrometer (TOF MS) is utilized for mass spectral data acquisition to directly determine the chemical compositions of CFP products. Cellulose was used in this study with ZSM-5 and zeolite Y (ZY) catalysts. Catalytic deoxygenation efficiency in the in situ CFP of cellulose pyrolysis was successfully evaluated with the new GC-dAPCI-TOF MS approach.
Materials and Methods

Materials
Sigmacell Cellulose Type 20 (20 µm particle size) and zeolite Y catalyst (Si/Al = 3; BET surface area of 948 m 2 g -1 ) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The ZSM-5 catalyst (Si/Al = 23; BET surface area of 425 m 2 g -1 ) was obtained from Alfa Aesar (Ward Hill, MA, USA). Both catalysts were calcined in ambient air at 550˚C for 6 h inside an oven to convert from ammonium to proton form prior to use.
Pyrolysis -GC-TOF MS experiments
Pyrolysis studies were carried out using a drop-tube microfurnace pyrolyzer (Frontier Laboratories 3030S Micropyrolyzer, Fukushima, Japan) installed onto an Agilent 7890A gas chromatograph (Palo Alto, CA, USA). The GC is coupled with an Agilent 6200 time-of-flight mass spectrometer through an Agilent G3212 APCI interface. The GC separation was performed using a fused silica DB-1701 column (30 m x 0.25 mm i.d. x 0.25 µm). The oven temperature was programmed at an initial temperature of 35˚C for 5 min, ramped at 4˚C min -1 to a final temperature of 260˚C, and held for 5 min. Ultrahigh purity helium gas was used as a carrier gas with a flow rate of 100 mL min -1 through the pyrolyzer. The gas flow was split 100:1 at the GC inlet resulting in a column flow rate of 1 mL min -1 . High purity ammonia gas (500 ppm in He;
Praxair, Dansbury, CT, USA) was introduced into the APCI chamber at a flow rate of 1 ml min -1 through a zero-dead volume tee that was installed in the GC oven. The pyrolyzer inlet, GC inlet, and GC/APCI transfer tube interfaces were set to 280˚C. APCI was operated at a corona discharge of 1 kV and the MS inlet was heated to 325˚C with a drying gas flow of 5 L min -1 .
TOF MS has a scan speed faster than 1 ms per microscan for a mass range of m/z 60-1000, but averaged and saved every second.
Catalyst effectiveness during CFP was studied at different catalyst-to-cellulose load ratios Table S1 are not present in a blank measurement and have signals greater than 0.1% relative abundance of the base peak, which is more than 6 times the base line noise. 
Results and Discussion
Dopant-assisted APCI for GC-TOF MS
We have developed dopant-assisted APCI for GC-MS. Fig. 1 shows the schematic diagram of this instrumentation and illustrates the dAPCI region. A micropyrolyzer is directly attached to a GC for pyrolysis-GC-MS (Py-GC-MS) analysis. Time-of-flight mass spectrometer is used for mass spectrometric measurements, which is essential due to its high mass resolution (R = 12,500 at m/z 600). Unlike typical GC-MS, where electron ionization (EI) is used for fragmentation and database search, we softly ionize the molecules with dAPCI and directly determine the chemical compositions of molecules from the accurate mass information.
For dAPCI, pre-heated ammonia gas (500 ppm in helium) is fed through a tee inside the GC oven, flowing outside the GC column, and introduced to APCI interface as a sheath gas (inset diagram of Fig. 1 ). APCI corona discharge region is dominated by ammonia gas, predominantly ionizing ammonia to form ammonium cation, which then ionizes analyte molecules via protonation or ammonium adduct formation. Because analytes are indirectly ionized, as in CI, it is much softer than APCI without dopant gas. Furthermore, any extra internal energy during protonation or ammonium adduct formation (e.g., proton affinity difference between analytes and ammonia in case of protonation) is rapidly cooled down through millions of collisions with atmospheric molecules before they are injected into the mass spectrometer; thus, dAPCI produces almost no fragmentation. In typical CI occurring inside vacuum, there is no sufficient collisional cooling and extra internal energy leads to significant fragmentations. Our ability to directly determine all the chemical compositions leads to the realization that many of the compounds in Table S1 
Py-GC-dAPCI-TOF MS analysis for in situ catalytic fast pyrolysis
Py-GC-dAPCI-TOF MS analysis was performed for cellulose pyrolysis with and without catalysts. with other reported data [32, 33] , except that very low mass compounds are missing such as formic acid. Formic acid has m/z 64 as an ammonium adduct, which is close to the low mass cutoff of the current instrumentation, m/z 60, and significant mass discrimination is expected.
Additionally, very volatile compounds seem to have low efficiency with the current instrumentation.
In situ CFP with zeolite catalysts (Fig. 3B and 3C ) show distinct differences compared to the control (Fig. 3A) . With ZY catalyst (Fig. 3B) , ion signals for highly oxygenated compounds are decreased (note y-scale is ten times different between acidity increased reactivity and generated more water and aromatic hydrocarbons [35] . It should be noted that many of these CFP products are not in the EI-MS NIST database, especially those of low oxygen intermediates, and could not be identified (Table S1) should be noted that about thirty and fifty peaks could be seen in chromatograms of Py-GC-EI-MS of cellulose pyrolysis without and with catalyst, respectively (see Fig. 4) ; however, many of the EI-MS spectra did not match with the NIST database nor literature data.
Semi-quantitative analysis of CFP products with catalyst-to-cellulose load ratio
We have qualitatively demonstrated above how the current instrumentation can be utilized for the monitoring of in situ CFP process, especially in comparison of different catalysts.
To better understand and optimize the CFP process, however, it is necessary to perform quantitative analysis of CFP products. In the current study, semi-quantitative analysis was performed by monitoring the relative yields of selected CFP products at catalyst-to-cellulose load ratios of 0, 1, 5, and 10 with ZSM-5. This approach does not allow us to quantitatively compare different molecules because of the difference in ionization efficiencies, but allow us to monitor the quantitative change of each molecule as catalyst load ratio changes. Completely deoxygenated hydrocarbon compounds, such as the five aromatic hydrocarbons shown in Fig. 5C , follow the opposite trend with major cellulose pyrolysis products shown in Fig. 5A . None of these compounds (or other hydrocarbons) were observed without catalyst.
Aromatic hydrocarbons are produced from cracking, dehydration, deoxygenation, and reformation reactions, most notably Diels-Alder reactions, as noted elsewhere [7] . All hydrocarbons steadily increase in abundance at higher catalyst load. Even at the highest catalyst load ratio of 10, their amounts are increased by 58-78% from those at the load ratio of 5. The high yield of polyaromatic hydrocarbons (PAHs), e.g. naphthalene or anthracene, suggests significant coke formation occurs in catalytic fast pyrolysis, which is currently a well-known obstacle in CFP without hydrogen addition. Effective hydrogen to carbon ratio, (H/C) eff , is suggested as an important parameter in catalytic fast pyrolysis, defined as (H -2O)/C with H, C, and O as the moles of hydrogen, carbon, and oxygen, respectively [37] . Cellulose has (H/C) eff of zero, meaning complete dehydration will lead to complete coke or char formation. In fact, the low deoxygenation efficiency at low catalyst load is a result of catalyst deactivation by coke formation [36] .
Conclusion
A critical bottleneck in studying CFP process is the fact that many CFP products cannot be characterized due to significant fragmentations in EI-MS and/or their absence in the database.
We developed a new Py-GC-MS approach using dopant-assisted APCI and high-resolution TOF MS analysis. This approach was utilized to efficiently ionize CFP products without or with minimal fragmentations and directly determine their chemical compositions. A total of 142 chemical compositions were identified with this approach for the CFP of cellulose whereas only 38 of them could be identified by in-parallel Py-GC-EI-MS analysis. The utility of our approach was demonstrated to compare catalytic deoxygenation efficiencies of two different catalysts.
Furthermore, semi-quantitative analysis was performed to reveal the changes of relative yields of each CFP product as the catalyst-to-biomass load ratio increase.
The current study is limited to semi-quantitative analysis but quantitative analysis would be necessary for the comprehensive understanding of CFP process. For this purpose, we are currently developing a tandem detection system with flame ionization detector (FID) by splitting the GC capillary outlet between FID and dAPCI-TOF MS. FID signal is proportional to carbon concentration and quantitative in contrast to mass spectrometric ion signals, which have strong dependence on ionization efficiency of each molecule. Once successful, we should be able to obtain both qualitative and quantitative information simultaneously through dAPCI-TOF MS and FID, respectively.
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